The fascinating properties of plasmonic structures have had significant impact on the development of next generation ultracompact photonic and optoelectronic components. We study two-dimensional plasmonic structures functioning at terahertz frequencies. Resonant terahertz response due to surface plasmons and dipole localized surface plasmons were investigated by the state-of-the-art terahertz time domain spectroscopy (THz-TDS) using both transmission and reflection configurations. Extraordinary terahertz transmission was demonstrated through the subwavelength metallic hole arrays made from good conducting metals as well as poor metals. Metallic arrays made from Pb, generally a poor metal, and having optically thin thicknesses less than one-third of a skin depth also contributed in enhanced THz transmission. A direct transition of a surface plasmon resonance from a photonic crystal minimum was observed in a photo-doped semiconductor array. Electrical controls of the surface plasmon resonances by hybridization of the Schottky diode between the metallic grating and the semiconductor substrate are investigated as a function of the applied reverse bias. In addition, we have demonstrated photo-induced creation and annihilation of surface plasmons with appropriate semiconductors at room temperature. According to the Fano model, the transmission properties are characterized by two essential contributions: resonant excitation of surface plasmons and nonresonant direct transmission. Such plasmonic structures may find fascinating applications in terahertz imaging, biomedical sensing, subwavelength terahertz spectroscopy, tunable filters, and integrated terahertz devices.
INTRODUCTION
In recent years, two-dimensional (2D) metallic arrays of subwavelength holes, which enable extraordinary transmission of electromagnetic waves via excitation of surface plasmon resonance, have been studied with a great interest because of their possible applications in integrated nano and micro-photonics. Understanding the physical origin of resonant properties in such plasmonic structures has been of special interest because of their possible breakthrough applications in semiconductor nanofabrication, microscopy, display technology, tunable filters, and bio-chemical sensing [1] [2] [3] . Surface plasmons (SPs) are collective excitations for quantized oscillations of electrons 4 . The resonant interaction between electron-charge oscillations near the surface of metal and the electromagnetic field creates SPs and results in rather unique properties 5 . Recent advance in extraordinary transmission of light has been demonstrated when light passed through periodic subwavelength holes perforated in a metallic film and the resulted higher-than-unity transmission was primarily attributed to resonant excitation of SPs 1, 3 . Light was coupled into the holes in the form of SPs which were squeezed through the holes and then converted back into light on the far side of the holes.
In the terahertz regime, SPs have recently attracted much attention and become an attractive new area [6] [7] [8] [9] [10] [11] [12] [13] . Due to a drastic increase in the value of dielectric function im rm m iε ε ε + = , most metals become highly conductive at terahertz frequencies. This has resulted in discrepancies in SP-enhanced transmission of terahertz radiation with that in the visible spectral regime. Experimental results on transmission properties of light in metallic structures have indicated that SPenhanced transmission is normally achieved in metals with large ratio of the real to the imaginary dielectric constant, 1 >> − im rm ε ε 14, 15 . In the terahertz regime, however, this ratio becomes 1 < − im rm ε ε for non-transition metals, such as Ag, Au, Cu, and Al 16 . This was considered as a limitation to realize resonant excitation of terahertz SPs in the periodic subwavelength structures. The recent studies, however, have demonstrated that an appropriate surface corrugation provided by the subwavelength structures could facilitate the resonant excitation of SPs even with 1 < − im rm ε ε 17 . SP-enhanced terahertz transmission has been experimentally observed in subwavelength hole arrays patterned in metal films made from both good and generally poor metals 18, 19 . In addition to metals, semiconductors with high density of free carriers exhibit metallic properties by having a negative real part of dielectric function ( 0 < rm ε ), and thus can be used as alternative to the metallic media to support SPs at terahertz frequencies. As a result, enhanced terahertz transmission was demonstrated in microstructured hole arrays made from both intrinsically doped and photodoped semiconductors 7, [20] [21] [22] [23] [24] . The advantage of semiconductors is that their dielectric function can be modified by varying doping concentration, temperature, or optical excitation. This in turn enables tuning and switching of SPs. Such semiconductor plasmonic arrays may find applications in all solid state terahertz optoelectronic devices such as highthroughput, high resolution filters, and focusing elements for terahertz imaging system.
In this article, we present our recent work on resonant terahertz transmission in lithographically fabricated 2D metal and semiconductor arrays of subwavelength holes. The presentation is organized as follows: in section II, we describe experimental methods employed in these studies, including terahertz time-domain spectroscopy and optical pumpterahertz probe spectroscopy. In section III, the lithographic fabrication processes of the plasmonic arrays are presented. Section IV represents the resonant terahertz transmission in metal arrays of subwavelength holes. The interesting properties of plasmonic structures made from semiconductors are introduced in section V. In addition, we present the switching of the SP resonances by employing electrical and optical techniques in section VI. Finally, section VII gives a conclusive discussion.
EXPERIMENTAL METHODS

Terahertz time-domain spectroscopy
Broad-band photoconductive switch-based terahertz time-domain spectroscopy (THz-TDS) transmission measurements were employed to study resonant properties of the 2D intrinsic plasmonic arrays. Figure 1 sows the schematic diagram of a photoconductive antenna based THz-TDS system which comprised of a GaAs transmitter, a silicon-on-sapphire (SOS) receiver, and four parabolic mirrors, aligned in an 8-F confocal geometry 19 . A self-modelocked Ti:sapphire laser, capable of generating 26-fs ultrafast pulses of 800-nm light at 88MHz, was used to gate the photoconductive switches with 10-mW average power on each side. This 8-F confocal system not only ensured an excellent beam coupling between the transmitter and receiver but also compressed the terahertz beam to a frequency independent diameter of 3.5 mm. The THz-TDS system has a useful bandwidth of 0.1 to 4.5 THz (3 mm -67 μm) and a signal-to-noise ratio (S/N) of > 15,000:1.
In the transmission measurements, the array was placed midway between the parabolic mirrors, M 2 and M 3 , at the waist of the terahertz beam. The terahertz radiation transmitted through the array at normal incidence with a P-polarized electric field. A blank slab identical to the array substrate was used as a reference. The transmitted electric field of the terahertz pulses through the sample and reference were recorded in time domain and then Fourier-transformed into frequency-domain amplitude spectra as ( )
and E r ω ( ) , respectively. The absolute amplitude transmission of the array was defined as
and the corresponding phase change was obtained through the relation,
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Optical pump-terahertz probe spectroscopy
Optical pump-terahertz probe characterization was used to investigate resonant properties of the non-intrinsic plasmonic arrays of subwavelength holes, such as the photo-doped semiconductor samples 23 and ultrafast switching. The terahertz pulses were generated from a 1 mm-thick ZnTe crystal by optical rectification and were detected by use of electro-optical sampling in a 1-mm-thick ZnTe crystal 25 . A femtosecond regenerative Ti:sapphire amplifier, capable of generating 3.2-mJ, 50-fs intense laser pulses at a repetitions rate of 1 kHz, was used as the optical source for terahertz pulse generation, detection, and photo-doping of the semiconductor arrays. The generated terahertz pulses were guided towards the detector by four parabolic mirrors in a confocal geometry. The terahertz focal spot size between the two inner parabolic mirrors was 2 mm.
SAMPLE FABRICATIONS
We fabricated subwavelength plasmonic arrays using conventional photolithography and thermal metallization. Metallic hole arrays were fabricated on high quality silicon (0.64-mm-thick, p-type resistivity ρ = 20 Ω-cm) and on semiinsulating GaAs substrstes. The photolithography process included spin application of photoresist adhesive promoter (HMDS, Microchem), spin coating of positive photoresist (S-1813, Shipley), convection oven bakes, contact mode exposure, and resist development (2401 developer, Microchem). The patterned wafer was then thermally evaporated (BOC-306) with a layer of metal films, such as Al, Ag, and Pb. A follow up process was acetone lift-off to reveal the metal patterns of subwavelength hole arrays A high resolution optical image of a square array of 100 μm × 80 μm rectangular holes of a periodicity of 160 μm is illustrated in Fig. 2(a) . The freestanding arrays were fabricated from 30-50 µm-thick silicon wafers. The fabrication processes have included conventional photolithography and reactive ion etching (RIE). The wafer was first spin-coated with SU-8 2025 photoresist (Microchem) and exposed with a UV light source while under the mask 21 . After development, the RIE process has created through-holes on the bare silicon while the rest of the area of the wafer was still protected by photoresist. A mixed gas flow of 12.5-sccm SF 6 and 1.5-sccm O 2 driven under a RF power of 400 W delivered an etching rate of 5 µm/min for silicon. Figure 2 (b) shows a scanning electron microscopic (SEM) image of a freestanding array of elliptical holes with a periodicity of 160 µm and dimensions of 75 µm along the major axis (y) and 45 µm along the minor axis (x). 
RESONANT ENHANCEMENT OF TERAHERTZ TRANSMISSION IN METAL ARRAYS
In this section, we present our recent work on resonant terahertz transmission in both optically thick and optically thin 2D metal arrays of subwavelength holes. At the primary SP [±1,0] mode, amplitude transmission efficiency of up to nine tenths of the maximum resonant transmission was achieved when the thickness of the metallic array was only one third of the skin depth 6, 18 . By using highly reproducible subwavelength arrays we have demonstrated the effect of dielectric function of metals on transmission properties of terahertz radiation 19 . We have also shown that the enhanced terahertz transmission in the 2D arrays of subwavelength holes is resulted from contributions of both SPs and nonresonant transmission 26 .
Resonant excitation of terahertz SPs in optically thick metal arrays
In the terahertz regime, THz-TDS measurements have revealed enhanced amplitude transmission and a sharp phase peak in 2D optically thick arrays of metal holes 6 . Correspondingly, the measured transmission magnitude has the shape of the derivative of this peak, which is consistent with the Kramers-Kronig relations. In addition, we found that the hole shape of the thin metallic films had a significant effect on the transmission magnitude and the corresponding phase change of the terahertz radiation. Each array was a lithographically fabricated 520-nm-thick aluminum film deposited on silicon substrate. To investigate the hole shape effect, two array samples were prepared. Sample A is a square array of 80 μm (x axis) × 100 μm (y axis) rectangular holes as shown in Fig. 2(a) , while sample B is a square array of 100-μm-diameter circular holes. The periodicity of these arrays is L = 160 μm in both 2D directions.
The extracted amplitude transmission and the corresponding phase change are shown in Figs. 3(a) and 3(b), respectively. Several well-defined resonant features were observed and essentially attributed to resonant excitation of SPs at terahertz frequencies. In particular, the sharp resonance near 0.5 THz exhibits 2.26 and 1.45 power transmission efficiency for samples A and B, respectively, when normalized to the area occupied by the holes, as referred to as higherthan-unity extraordinary transmission 1 . In a metal array, SPs can be resonantly excited at the metal-dielectric interfaces following momentum conservation 4, 27 , k sp = k || + G mn, where k sp is the wave vector of SPs, k || is the in-plane wave vector, G mn is the reciprocal lattice vectors, m and n are integers of the SP modes. In a 2D array of subwavelength holes, the resonant frequencies of SPs at the metal-dielectric interface can be described through the dispersion relation at normal incidence as Besides samples A and B, a set of arrays with rectangular, square, and circular holes has been measured. We observed that with the same fundamental period the hole shape and dimensions could appreciably modify the strengths and shapes of the transmission and the phase change peaks due to the polarization dependent coupling of SPs.
Evolution of terahertz SP resonance in optically thin metal arrays
Resonant excitation of SPs has been widely studied in optically thick 2D hole arrays in a broad spectral range. It is interesting, however, whether SPs can be excited in optically thin metallic arrays of sub-skin-depth thicknesses. Here, we demonstrate resonant terahertz transmission through subwavelength hole arrays patterned on metallic films with thicknesses less than a skin depth. Our experimental results have revealed a critical array thickness, above which the SP resonance begins to establish 18 . The maximum amplitude transmission was achieved when the thickness of metal film approaches a skin depth. However, enhanced terahertz transmission of up to nine tenths of the maximum transmission was realized at a film thickness comparable to the skin depth at wavelengths of light, only one third of the skin depth at the metal-silicon [±1,0] SP mode, 0.55 THz.
We have processed a set of metallic arrays of subwavelength rectangular holes from Pb film deposited on the silicon wafer 18 . The rectangular holes have physical dimensions of 100 µm × 80 µm with a periodicity of 160 µm. Pb was chosen as the constituent metal of the arrays mainly because of two reasons. First, extraordinary terahertz transmission in Pb subwavelength hole arrays has been demonstrated with an amplitude efficiency of up to 82% at 0.55 THz, which is close to the performance of arrays made from good electrical conductors such as Ag, Al, and Au 16, 19 . Second, the skin depth of Pb at 0.55 THz is 320 nm, nearly three times of those of Ag and Al. It thus provided a large dynamic range to characterize the evolution of SP resonance at sub-skin-depth thicknesses. The value of skin depth of electromagnetic waves in metal is determined by the penetration distance at which the electric field falls to 1/e. The SPs, which propagate along metal-dielectric interface, decay exponentially in both media. At terahertz frequencies, the complex wave vector inside the metal perpendicular to the interface (k z ) and the corresponding skin depth (δ) are approximately given as 6, 15, 18 
where ω is the angular frequency, 0 μ is the vacuum permeability and dc σ is the d.c. conductivity of metal. Based on this relation, frequency dependent skin depths of various metals are plotted in the terahertz regime in Fig. 4(a) . As can be seen, the skin depths for Pb, Al, and Ag at 0.55 THz, the primary SP [±1, 0] resonance, are estimated to be 320, 110, and 83 nm, respectively
We prepared Pb arrays with various thicknesses ranging from 60 to 1000 nm. Measured THz spectra through the reference and arrays of different thickness are shown in Fig. 4(b) . During measurements THz polarization was along the minor axis of the holes at normal incidence. When the array film is thin, the spectrum showed no resonance but similar features of the reference spectrum with attenuation. At 64 nm, which was observed as a critical thickness for the Pb array, the SP resonance excited at the Pb-Si interface appeared in the spectrum. Above this critical thickness, the resonance peak is enhanced with thicker array film. 5(a) shows evolution of SP resonance as a function of the array film thickness. It clearly reveals two regions of thickness dependence. Below the critical thickness, 64 nm, the frequency-dependent transmission is nearly flat, showing no resonance peak. Above the critical thickness, a resonance at 0.55 THz appears in the transmission, whose amplitude increases with array thickness while the background transmission is reduced. This resonance is attributed to the excitation of SPs at the Pb-Si interface. Immediately above the critical thickness, the resonance amplitude is very sensitive to the thickness of arrays. The dependence of peak transmission on array thickness above the critical thickness is shown in Fig. 5(b) . The amplitude transmission efficiency increases exponentially when the array thickness is between 64-100 nm. It then saturates gradually and approaches the maximum at one skin depth 18 . It is worth noting that a transmission efficiency as high as 76% was achieved at array thickness of 100 nm, only one third of skin depth, which is nine of tenths of its maximum transmission. For comparison, we have fabricated two additional arrays of same structure but made from Ag and Al of one third of skin depth. The measured transmission efficiencies are all above nine tenths of their maximum amplitude transmission. This finding may extensively reduce the metal thickness of plasmonic components for applications in photonic, optoelectronic, and sensing devices.
Effect of dielectric function of metals on resonant terahertz transmission
The dielectric function of constituent metals was found to play an essential role in the extraordinary transmission of light in 2D subwavelength hole arrays. Owing to different ratio of the real to imaginary dielectric function, , for example, the transmission efficiency of Ag arrays was several times higher than that of Ni arrays of the same structure 15 . At terahertz frequencies, however, the values of dielectric function of metals are several orders of magnitude higher than those at visible frequencies. The dielectric function of metals may influence the extraordinary terahertz transmission differently in subwavelength structures than that at visible frequencies.
To explore dielectric function related terahertz transmission properties of metal arrays at different resonance frequencies, two types of array samples were lithographically fabricated: array-on-silicon samples with patterned optically thick metal film on blank silicon substrate for the metal-silicon [±1,0] mode at 0.55 THz 6, 19 and freestanding metallic arrays for the metal-air [±1,0] mode at 1.60 THz 19, 21 . Our THz-TDS measurements have shown that the resonant terahertz transmission was increased with the higher ratio The dielectric function of the non-transition metals such as Ag, Al, and Pb can be well described by the Drude model 16 ,
, where ω p 2π is the plasma frequency, Γ 2π is the carrier damping frequency, and ∞ ε is the high frequency dielectric constant. Based on the experimentally determined parameters given in Ref. 22 we calculated the dielectric constants at THz frequencies and found that the absolute values of both the real and the imaginary parts of dielectric function are several orders of magnitude higher than that at visible frequencies.
At 0.55 THz, the ratios im rm ε ε − for Ag, Al, and Pb are 0.12, 0.03, and 0.01, respectively, indicating that Ag is still a better metal than others, and was expected to show resonance with higher amplitude transmission 15 . Practically, as shown in Fig. 6 (a) , the Ag array indeed showed the highest amplitude transmission 87%, while the Al and Pb arrays followed after with small attenuation, giving 85.5% and 82%, respectively. Even though the amplitude transmission of these arrays revealed small differences, it indeed increased with higher ratio im rm ε ε − . This showed good consistency with those observed at visible frequencies 14, 15 . Compared to excellent metals, Pb is generally considered as a poor electrical conductor. However, the drastic increase in dielectric constant enables Pb to behave as a better metal towards the establishment of SP-enhanced transmission at terahertz frequencies. In Fig. 6(b) , the measured peak transmission at the SP [±1,0] resonance 1.60 THz for Ag, Al, and Pb are 82%, 81%, and 72.5%, respectively, showing similar properties as observed at the SP [±1,0] metal-Si resonance at 0.55 THz. The difference in amplitude transmission for arrays made from these metals was arisen from the difference in effective propagation length of SPs.
Coupling between SPs and nonresonant transmission
So far, SPs excited at the surface of 2D hole arrays have been considered as a dominant mechanism in extraordinary transmission of electromagnetic waves 1, 4 . The recent studies, however, have revealed that besides SPs, localized waveguide resonances or localized modes also make contributions to the extraordinary transmission of light in periodic subwavelength holes 28, 29 . To better understand the transmission enhancement mechanism in the terahertz regime, we have studied hole width-dependent terahertz transmission. A characteristic evolution, including well-regulated change in transmittance, linewidth broadening, and blueshift of peak transmission frequencies with respect to hole width were experimentally observed 26 . Based on numerical analysis by the Fano model, we found that terahertz transmission in the 2D hole arrays were associated with two types of contributions, resonant excitation of SPs and nonresonant transmission (or non-SP transmission). The localized effects, as either localized modes or localized waveguide resonances 28, 29 , also contributed substantially to enhanced terahertz transmission.
In sample preparation, a set of 2D hexagonal arrays of rectangular subwavelength holes are lithographically fabricated with a 180-nm-thick Al film onto a silicon substrate 26 . Each sample, with dimensions of 15 × 15 mm 2 , has holes of a fixed length 120 μm and various widths from 40 to 140 μm with a 20-μm interval, and has a constant periodicity of 160 μm. Figure 7(a) illustrates the frequency-dependent absolute transmittance and the corresponding phase change for an array with hole dimensions of 120 × 40 μm 63 THz, which was higher than the measured transmission peak 0.49 THz due to the fact that the latter was a result of both resonant and nonresonant contributions 30 . The experimental transmittance was further analyzed by the Fano model, in which the transmission line shape of the arrays was considered as a result of two scattering processes: one refers to the continuum direct scattering state as nonresonant transmission, and the other is the discrete resonant state as SPs 23, 30 . For an isolated resonance, the Fano model can be written as 
where width exists, here was 80 µm, which maximizes the peak absolute transmittance. However, there is a monotonic change in the resonance frequency and the linewidth which is mainly due to the coupling between SPs and nonresonant transmission. We have calculated coupling strength between the SP mode and nonresonant transmission for arrays with different hole widths at normal incidence (explained else where 26 ). With increasing hole width the coupling strength shows monotonic change; it is enhanced from increase in hole width, that corresponded to reduced aspect ratio of holes and lower filling fraction of metal, not only led to increased direct transmission through the holes, but also enhanced the coupling between SPs and non-resonant transmission. This in turn gave rise to an increased damping of SPs and thus the linewidth broadened and shifted to higher frequencies towards the peak of nonresonant transmission 23, 28, 30 . For arrays with filling fraction of metal less than 80%, direct transmission contributed substantially to nonresonant transmission and caused a monotonic decline in normalized transition efficiency.
RESONANT TERAHERTZ TRANSMISSION IN SEMICONDUCTOR ARRAYS
In this section, we present transmission properties of terahertz radiation in semiconductor plasmonic arrays made from both intrinsically doped and photo-doped silicon thin slabs. An array of elliptical holes made from highly n-doped silicon film has enabled a 175% transmittance when it was normalized to the areas occupied by the holes 21 . More interestingly, in a similar array made from lightly doped silicon, a characteristic evolution of a terahertz SP resonance was observed under variable optical excitations 23 . The SP resonance was developed from an out-of-plane photonics crystal resonance when the real part of dielectric function of the array was switched from positive to negative due to increased photogenerated free carriers.
Resonant terahertz transmission in highly-doped silicon arrays
We investigated resonant terahertz transmission of an array of subwavelength holes patterned on ultrathin, highly doped silicon. The zero-order transmission spectra exhibited well-defined maxima and minima, as attributed to the resonant excitation of SPs and Wood's anomaly, respectively 4, 31 . Transmission anisotropy was investigated in terms of orientation of the elliptical hole array. It was observed that the transmission increased significantly when the major axis of the elliptical hole was perpendicular to the polarization of the terahertz radiation. The silicon array, as shown in Fig. 2(b) , was processed from a commercially available n-type, 50-µm-thick silicon wafer with a resistivity of Ω × −3 10 2 cm. The carrier density and the thickness of the doped silicon were chosen to ensure that no terahertz transmission was observed through the unstructured silicon slab. In fact, the corresponding amplitude absorption length was less than 1 µm at 1 THz. At 1.0 THz, with given n-type carrier density, The frequency dependent amplitude transmission spectra for both array orientations, E||x and E||y, are shown in Figure 8(a) . For the case of E||x, the transmission spectrum showed a pronounced peak at 1.6 THz, well below the cutoff, which was 2.0 THz as determined by the 75-µm-size holes 7, 20 . The peak of the transmission magnitude was due to the resonance of SPs and can be attributed to the [±1, 0] SP mode as indicated by a dashed line. We observed a 42% amplitude transmission for the [±1, 0] mode at the silicon-air interface, which led to a power transmission efficiency of 175% when normalized by the voided areas of the holes. In contrast, the resonance peak of the SP [0, ±1] mode for the E||y orientation was located at 1.8 THz and showed an amplitude transmission efficiency of 16%.
The minima shown in Fig. 8(a) were identified as the result of Wood's anomaly observed in diffraction grating structures 31 . Wood's anomaly minima occur when a diffracted order becomes tangent to the plane of grating. For a square lattice and normal incidence the wavelengths of Wood's anomaly minima can be approximately given by The dependence of SP-assisted transmission properties on the dielectric function of surrounding media were investigated by measuring the zero order transmission through sandwiches made of the array and the desired materials. Four different interfaces were characterized including air-array-air, polyethylene-array-polyethylene, quartz-arrayquartz, and silicon-array-silicon 21 . The quartz and polyethylene are fused quartz and low-density polyethylene, respectively. The surrounding silicon was moderately n-doped with a resistivity of 20 Ω cm. These surrounding media were fairly transparent to terahertz radiation and have different refractive indices of 1, 1.51, 1.98 and 3.42, respectively, for Air, polyethylene, quartz and silicon. The same subwavelength-structured sample was used as the array and the resonance peaks in the transmission spectra were confirmed by placing the major axis of the hole perpendicular to the terahertz polarization (E||x). The amplitude transmission spectra for different interfaces are shown in Fig. 8(b) , where the [±1,0] modes are represented by the dashed lines. The experimental result revealed that with increasing refractive index of the surrounding dielectric media, the peak amplitude decreases while the corresponding resonance peak moves toward the lower frequencies as predicted by Equation (1). This result is also consistent with the experimental observation in the optical region 32 . The observed resonant frequencies of the [±1, 0] mode as a function of the surrounding refractive index is plotted in the inset of Fig. 8(b) . The low-index material clearly showed pronounced maxima and minima due to the resonant excitation of SPs and Wood's anomaly, respectively. For high-index material, however, the pronounced maxima were relatively broader because of the merging of consecutive resonance peaks. The Wood's anomaly effect also appeared to be weaker due to overlapping with the resonance peaks.
Transition of a SP resonance from a photonic crystal effect
So far we have demonstrated the static hole arrays whose dielectric constant remains fixed. It is thus intriguing to observe, how the SP resonance can be evolutionally developed when the real part of dielectric function of the constituent medium is altered instantaneously from positive, across zero to negative? In an effort to investigate such a question, we observed a characteristic evolution of a SP resonance in a semiconductor subwavelength hole array by use of optical pump-terahertz probe measurements 23 .
The array sample was made from lightly n-doped ( ) silicon (30-μm-thick), a fairly transparent medium to terahertz radiation. Its relatively low carrier density is insufficient to support SP resonances. The experimental result revealed that the terahertz transmission properties of the unexcited array at room temperature were dominated by the outof-plane two-dimensional photonic crystal effect 33 . When optical excitation was applied to the array, the photo-generated free carriers altered the dielectric properties of Si; the real part of dielectric constant changed from positive to negative with increasing excitation intensity. As a result, the signature of photonic crystal effect gradually disappeared and SP resonance emerged and was developed into extraordinary terahertz transmission. -0.8
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Array Perpendicular - Figure 9 (a) illustrates the transmitted terahertz pulses through air reference, blank Si, and the array of both perpendicular and parallel orientations before and after the optical excitation of a 111-mW average power. The perpendicular (parallel) orientation of the array is defined with the longer axis of the elliptical hole perpendicular (parallel) to terahertz electric field. The transmitted terahertz pulse through the unexcited blank Si showed a ~85% amplitude transmission if surface reflections are taken into account. The Si became nearly opaque to terahertz radiation under intense optical excitation due to strong absorption by the photo-generated free carriers. The corresponding Fouriertransformed spectra are shown in Fig. 9(b) . In the absence of optical excitation the array can be considered as a twodimensional out-of-plane photonic crystal slab that has shown complicated spectral structures instead of stopgaps 33 . Under intense optical excitation, however, the transmission spectra exhibited totally different features; the photonic crystal resonances disappeared and SP resonance peaks occurred at different frequencies. The frequency-dependent terahertz amplitude transmission of the array under optical excitation is plotted in Fig.  9(c) . Transmission is found to be dominated by the SP resonances at optical excitation power of 111 mW. We observed a strong resonance at 1.50 THz due to the fundamental SP [±1, 0] THz mode for perpendicular orientation which is accompanied by a transmission minimum occurred at 1.95 THz due to the Wood's anomaly 21 . Figure 9 (c) also depicted the characteristic evolution of the photo-induced SP resonances, the laser excitation was varied from 0 to 111 mW. We observed that the real dielectric constant rm ε was evolutionally tuned from positive, across zero to negative with increasing optical excitation power. Above 3 mW, the photo-excited Si layer began to exhibit metallic properties and had a potential to support SPs. At low excitation, the transmission was dominated by complex out-of-plane photonic crystal resonances near 0.97, 1.40, and 1.78 THz. When the laser power was increased to 12.5 mW, the photonic crystal effect nearly disappeared; a new resonance peak occured at 1.60 THz due to the excitation of SPs. The further increase in excitation power gave rise to an enhanced terahertz transmission and a red-shift of resonance peak to 1.50 THz. The transmission efficiency at the SP resonance 1.50 THz was found to increase with increasing power of laser excitation. At 25 mW of optical excitation power, the resonance peak terahertz transmittance was 25.5%, and peak was increased to 45% at 111-mW of optical excitation power.
SPP SWITCHING
Highly frequency selective resonance properties have potential to be used in THz devices such as active filters, modulators, and switches. In this section, we present the control of the SPP resonances using electrical and optical techniques. In both cases, the applied electric and optical fields modify the dielectric properties of the substrate materials and hence control the resonance peak. The optical technique can be operated at ultrafast time scale by incorporate a substrate having ultrafast photo-responses.
Electrical Switching of SP Resonances
In this section, we present electronically switchable surface plasmons resonance and extraordinary light transmission in the terahertz frequency range through metallic hole arrays fabricated on doped semiconductor substrates 35 . The hybrid metal-semiconductor forms a Schottky diode structure, where the depletion region can be actively modified in real-time by applying an external voltage bias. In this way we accomplish effective switching of the surface plasmons resonance enhanced THz transmission with an efficiency as high as 31% in amplitude (or 53% in intensity). The demonstration can be translated to other optical frequencies and provides a host of opportunities in the design and construction of future plasmonic devices.
In Figure 10 (a-c) we show the conceptual design of the sub-wavelength metallic hole array for all-electronically switchable surface plasmon resonance. The slightly n-doped GaAS and the metallic film form a Schottky diode structure, where the depletion region can be actively controlled with an external voltage bias, thereby switching the damping of the SP resonance and the extraordinary THz transmission. The SP samples characterized here were fabricated on gallium arsenide (GaAs) substrate. The substrate has a 1-μm-thick n-doped GaAs layer with free carrier density of 16 
3×
cm -3 deposited on an intrinsic GaAs wafer by molecular beam epitaxy (MBE). An ohmic contact surrounding but separating from the hole array region about 1~mm was fabricated by electron beam deposition of 20~nm of germanium, 20~nm of gold, 20~nm of nickel, and 200~nm of gold in sequence, then perform rapid thermal annealing at 400˚C for 1 minute. The metallic hole array was fabricated using standard photolithographic methods and electron beam deposition of 10~nm of titanium and 200~nm of gold, then undertaking a lift-off process.
The substrate charge carrier density and conductivity near the metal-substrate interface can be electronically modified upon a reverse voltage due to the formation of the Schottky diode structure. Higher the reverse voltage bias increases the depletion thereby reducing the damping of SP resonance. Fig. 10(d) shows the experimental results. We observed increasing THz transmission at the peaks as the applied reverse voltage bias increases, while the transmission dips (Wood's anomalies) are much less affected. Due to the evanescent nature, SP resonance is extremely sensitive to the material properties in the vicinity of the metal interface. In case of no voltage bias, the conducting substrate results in a large loss as well as a "short-circuit" of the metallic holes, thereby damping the SP resonance. Upon a reverse voltage bias, the increasing depletion reduces the substrate loss, thereby recovering the SP resonance and extraordinary THz transmission. 
Ultrafast Optical Switching of SP Resonances
Here, we demonstrate ultrafast optical control of surface plasmon assisted terahertz (THz) transmission in a subwavelength metallic hole array patterned on a ErAs:GaAs superlattice substrate. The transient photoconductivity of the substrate allows modulation of the THz resonance amplitude via optical excitation with a time scale of ~10 ps. ErAs:GaAs superlattices have already proven to benefit many ultrafast applications such as THz photoconductive receivers, fast switchable THz metamaterials 36 , etc. They have the unique property of having variable carrier lifetimes from hundreds of femtoseconds to tens of picoseconds by changing the supeerlattice period.
The 2D metallic gratings used for this work are fabricated on a 2-µm-thick ErAs:GaAs superlattice, formed by alternating layers of GaAs and ErAs nanoislands on a GaAs substrate 36 , has a carrier lifetime of 8 picoseconds. Standard photolithography was used to fabricate the aluminum (200-nm-thick) hole arrays on ErAs:GaAs substrates. The holes are patterned in a square array with lattice constants of 100 µm and a rectangular hole dimension of 50 µm × 25 µm. The THz time domain spectrometer used in this experiment utilizes a 1 kHz regeneratively amplified Ti:Sapphire laser capable of generating 3.2 mJ, 50 fs pulses at 800 nm. Part of the output laser power is used for THz generation and detection using ZnTe crystals via optical rectification and the electro-optic effect. The remainder of the optical power passes through a variable attenuator to form a ~10 mm diameter illumination spot at the sample at an angle of ~10°. The photo-generated carriers create a conductive path in the substrate, which resists the scattering and coupling of the SPs at hole edges. The resonance amplitude reduces monotonically as the pump fluence increases. At higher fluences the substrate becomes metallic and the THz transmission through the grating suffers higher attenuation. The resonance peak frequencies remain unchanged under the optical excitation. We obtained almost 70% modulation depth with a pump fluence of 8 µJ/cm 2 . Resonance amplitudes keep reducing with increasing fluences until we observe a complete switch-off of the transmitted THz resonance for an optical fluence of ~32 µJ/cm 2 . The photoexcited layer of the substrate forms conducting paths in the hole areas and the holes behave as "short circuit" which eventually resists scattering of the SP electromagnetic waves. Also, the bulk photoexcited substrate behaves as a Drude metal and attenuates the direct transmission through the holes at higher fluences. Figure 11 (b) shows resonance THz transmissions as a function of the delays of the 8 µJ/cm 2 optical pump pulses. Measurements clearly reveal the annihilation and formation of the resonance transmission at 0.8 THz with pump pulse delay. Transmission shows a strong resonance before arrival of the optical pulses, which then undergoes strong attenuation, and eventually recovers as the time delay increases. The resonance recovery time is ~10 ps which is consistent with the measured carrier lifetime of the substrate. 
CONCLUSION
We studied transmission properties of terahertz radiation in 2D plasmonic array of subwavelength holes using THz-TDS. The plasmonic samples were fabricated using conventional photolithography. The frequency-dependent resonant transmission in the 2D hole arrays is understood as a consequence of the resonance excitation of SPs at the metaldielectric interface. We demonstrated the effect of hole shape, hole dimensions, dielectric properties of the metals, polarization dependence, and metal thickness on enhanced terahertz transmission. Rectangular hole shapes were found to show higher resonant transmission when the polarization of the incident terahertz field is perpendicular to the longer axis of the holes. Efficiently enhanced transmission was also observed in optically thin metallic arrays having thickness of one-third of the skin depth. For similar array transmission is higher for the array made from metal having higher electrical conductivity. Enhanced terahertz transmission was demonstrated in plasmonic arrays made from doped semiconductors that possess negative values of the real part of dielectric function. We also demonstrated the SP resonances in photoexcited semiconductor and tuned the resonance amplitude by varying the optical excitation power. In addition, both electrical and optical techniques have been demonstrated for efficient control of the Surface Plasmon resonances in 2D plasmonic arrays.
